Background Although sarcopenia and frailty are important diseases in geriatrics, few studies have investigated the association between the two diseases. Thus, this study aimed to examine the relationship between two components of sarcopenia (muscle mass and muscle function) and frailty. Methods In total, 997 Korean older adults (456 men and 541 women) were included in this cross-sectional observational study. We used a polynomial linear regression analysis to obtain standardized sex, age, and height-adjusted appendicular skeletal muscle mass (zASM), as well as to standardized sex, age, and height-adjusted grip strength (zGS). We then performed a causal mediation analysis to confirm the relationship between zASM and frailty. Results In both men and women, zGS mediated the relationship between zASM and frailty (average causal mediation effect in men: À0.096 {À0.159 to À0.050}; in women: À0.053 {À0.098 to À0.010}). For every one-point increase in zGS score, the relative risk of a one-point increase in frailty was reduced by 21% in men (e À0.238 = 0.788) and by 11% in women (e À0.113 = 0.893).
Introduction
Sarcopenia and frailty are important geriatric syndromes that become increasingly prevalent with age and may co-occur. Sarcopenia is defined as an age-related decline of skeletal muscle mass and function. 1, 2 The Foundation for the National Institutes of Health (FNIH) Sarcopenia Project defined sarcopenia as low lean muscle mass and low muscle strength. 1 The Asian Working Group for Sarcopenia (AWGS), which is based on the European Working Group on Sarcopenia in Older People, 3 also developed criteria for the diagnosis of sarcopenia in the Asian population. 2 The AWGS recommended that sarcopenia be defined as low muscle mass combined with low muscle strength and/or low physical performance (gait speed). These criteria use appendicular skeletal muscle mass (ASM) adjusted by body mass index (ASM/BMI) or height squared (ASM/height 2 ) as parameters of muscle mass, and grip strength (GS) as a parameter of muscle strength. However, ASM/BMI and ASM/height 2 is positively correlated with height, so shorter people tend to be included in the low muscle mass group, 4 and GS is also affected by height. 5, 6 Furthermore, muscle mass and GS decline with advancing age. 5, 7 Although muscle mass and GS are affected by age and height, investigations for adjusting these factors are lacking.
Frailty is an another significant issue in geriatrics, and it is defined as a geriatric syndrome characterized by multisystem impairment, which results in increased vulnerability to external and internal stressor events. 8 There are many different criteria for frailty, and those criteria evaluate the general condition of individuals with various indicators, such as weight loss, weakness, low physical performance, exhaustion, depression, incontinence, and cognitive impairment. [8] [9] [10] Although each criterion focused on a slightly different aspect and risk for older people, there is general agreement that the impairment of physical function plays an important role in frailty. 11 Physical function impairment (weakness) is a core condition of both sarcopenia and frailty, and these syndromes can be linked to GS, which is an objective measurement of weakness. However, not many studies have investigated the association between sarcopenia and frailty and their common characteristics. Therefore, we conducted this study for two reasons. First, we aimed to obtain the standardized sex, age, and height-adjusted appendicular skeletal masses (zASM), and grip strengths (zGS) of Korean older adults. Second, we examined the effects of zASM and zGS on frailty, with focus on the mediating effect of GS.
Methods

Study population
The study participants consisted 997 Korean older adults (456 men and 541 women), 60-90 years of age, who participated in the Bitgoeul senior health examination. 4 The Bitgoeul senior health examination participant was recruited from the Bitgoeul Senior Health Town, a retirement community for senior citizens located in Gwangju, Korea. We explained the purpose of the study to the participants and signed consent forms were obtained. Between 1 February 2015 and 30 August 2015, two trained nurses who were in attendance at the Bitgoeul Senior Health Town helped participants to fill out the questionnaires and performed physical measurements under the supervision of the study investigator. This study was performed by reanalyzing the data of subjects between 60 and 90 years of age in the Bitgoeul senior health examination. The requirement to obtain full ethical approval for reanalysis of the data collected during the Bitgoeul senior health examination was waived by Chonnam National University Hwasun Hospital Institutional Review Board (CNUHH-2018-183).
Measurements of ASM, GS, zASM, and zGS
To measure body composition, direct segmental multifrequency bioelectrical impedance analysis (BIA) (Inbody 720, Biospace, Seoul, Korea) was used. The body position of participants was supervised by a trained nursed to keep an upright posture with relaxed and opened arms and legs; the fingers, palm, and sole were evenly contacted with the electrodes. Participants were advised to go to the toilet for urination or defecation before the test and to avoid vigorous exercise, meals, or bathing before the test. ASM was defined as the sum of the skeletal muscle masses of the upper and lower extremities. GS was measured using a dynamometer (Hand Grip Metre No. 6103, Tanita, Tokyo, Japan). Each participant was asked to grip the dynamometer twice, using the dominant arm in a lowered straight position. The higher value was used in the analysis and calculations of zASM and zGS. The Z-score and the T-score have been used to diagnose osteoporosis. In a bone mineral density test, the T-score signifies the "Difference in number of Standard Deviations (SD) between the value for the individual and mean value of group of young adults of the same sex," while the Z-score signifies the "Difference in number of SD between the value for the individual and mean value of group of the same sex and age". 12 Because height has a positive influence on ASM and GS, we considered height as another covariate and adjusted for it as well as for age and sex
ASM adj : sex, age, and height -adjusted ASM GS adj : sex, age, and height -adjusted GS
Korean frailty index
The Korean frailty index (KFI) was developed by a functional assessment committee in the Korean Geriatric Society in 2010. The KFI comprises eight criteria (hospital admission, self-assessed health status, polypharmacy, weight loss, depressed mood, incontinence, visual or auditory problems, and timed up-and-go test), and the score ranges from 0 to 8. 10 In this study, we assumed that the sum of the KFI score would take on a negative binomial distribution.
Other covariates
The 
Statistical analysis
Before the main analysis, we described how ASM/height 2 and ASM/BMI, which are the most widely used indices for muscle mass, were distributed according to the height or BMI of 456 men participants in our study using a boxand-whisker plot ( Figure 1 ). : 5651 men and 7922 women). After calculating the zASM and zGS for 997 Korean older adults (456 men and 541 women) in this study using the corresponding equations, the effects of zASM and zGS on the sum of frailty scores were analyzed using a negative binomial GAM. Finally, the mediating effects of zGS in the relationship between zASM and frailty were confirmed in a causal mediation analysis. R version 3.5.1 (R core team, 2018) was used for the analysis in this study. The mgcv (version 1.8-24) and itsadug (version 2.3) packages were used for the GAM analysis and a mediation (version 4.4.6) package was used for the causal mediation analysis. The value indicative of statistical significance was P < 0.05. Results Figure 1 as a box-and-whisker plot represents the distribution of ASM/height 2 and ASM/BMI according to the height and BMI among 456 Korean older men aged 60-90 years in this study. Using ASM/height 2 (<7.0 kg/m 2 by AWGS, dotted line in Figure 1A and 1B) for the diagnosis of sarcopenia increases the probability of diagnosing short and thin people with sarcopenia, while using ASM/BMI (<0.789 by FNIH, dashed line in Figure 1C and 1D) increases the probability of diagnosing short and obese people with sarcopenia. Table 1 shows the general characteristics of the participants in this study. ASM according to sex, age, and height was obtained based on the results of the GAM analysis using the KNHANES IV and V. The results showed that ASM decreased with decreasing height and advancing age in both men and women (Figure 2A and 2F). In both men and women, ASM decreased in a curvilinear manner and the difference in ASM according to height decreased with advancing age ( Figure 2B and 2G) . ASM increased linearly with height in both men and women and the difference in ASM according to age increased with increasing height ( Figure 2C and 2H). Considering these patterns, the polynomial regression equation that is most reflective of ASM adj in men is ASM adj ≈height m ð ÞÂ À0:00002Âage 3 þ 0:00343Âage 2 À À0:44536Âage þ 48:92696 þ 0:00004Âage 3 À 0:00595Âage 2 þ 0:62077Âage À 52:47251:
The standard deviation (SD) of (ASM À ASM adj ) was 2.2, and the SD was robust against age and height ( Figure 2D and 2E). Therefore, 
The polynomial regression equation that is most reflective of ASM adj in women is ASM adj ≈height m ð ÞÂ À0:00008Âage 3 þ 0:01963Âage 2 À À1:86536Âage þ 79:70974 þ 0:00012Âage 3 À 0:03089Âage 2 þ 2:89576Âage À 107:30373:
The SD of (ASM À ASM adj ) was 1.5 and was robust against age and height ( Figure 2I and 2J ). Therefore,
Grip strength according to sex, age, and height was examined based on the results of the GAM analysis using the Elderly Survey 2008. The results showed that GS decreased with decreasing height and advancing age in both men and women ( Figure 3A and 3F) . In both men and women, GS decreased linearly and the difference of GS according to height decreased with advancing age. (Figure 3B and 3G) . GS increased in a curvilinear manner in both men and women and the difference in GS according to age increased with increasing height ( Figure  3C and 3H). Considering these patterns, the polynomial regression equation that is most reflective of GS adj in men is The SD of (GS À GS adj ) was 6.5, and SD was robust against age and height ( Figure 3D and 3E ). Therefore,
The polynomial regression equation that is most reflective of GS adj in women is The SD of (GS À GS adj ) was 4.5, and SD was robust against age and height ( Figure 3I and 3J) . Therefore, Figure 2 Distribution of appendicular muscle mass according to age and height. A: Mean value of ASM according to age and height in men; B: Changes in ASM according to age at constant heights (heights are 1.8, 1.7, and 1.6 m from top to bottom); C: Changes in ASM according to height at constant ages (ages are 75, 65, and 55 years from top to bottom); D: Distribution of (ASM À ASM adj ) according to age; E: Distribution of (ASM À ASM adj ) according to height; F: Mean value of ASM according to age and height in women; G: Changes in ASM according to age at constant heights (heights are 1.7, 1.6, and 1.5 m from top to bottom); H: Changes in ASM according to height at constant ages (ages are 75, 65, and 55 years from top to bottom); I: Distribution of (ASM À ASM adj ) according to age; J: Distribution of (ASM À ASM adj ). according to height. ASM, appendicular skeletal muscle mass. zGS women ¼ 1 4:5 Â GS À GS adj À Á :
A multivariate negative binomial GAM to analyze the effects of muscle mass and grip strength on frailty showed that zASM was not statistically significant among men or women (men: P = 0.855; women: P = 0.564); however, zGS was linearly associated with frailty in both men and women [men: estimated degrees of freedom = 1.000; P < 0.001; women: estimated degrees of freedom = 1.001; P = 0.025]. The slope for men was À0.238 (95% confidence interval: À0.360 to À0.116), which indicates that with every 1-point increase in zGS score (1 SD increase in GS), the probability that the frailty score would increase by 1 point is reduced by 21% (e À0.238 = 0.788). The slope for women was À0.113 (95% confidence interval: À0.212 to À0.015), which indicates that with every 1-point increase in zGS score, the probability of the frailty score increasing by 1 point is reduced by 11% (e À0.113 = 0.893) (Table 2, Figure 4 ). Figure 5 shows the results of the causal mediation analysis. Although zASM did not have a significant total effect on frailty (c in the left diagram) in men or women (men: P = 0.260; women: P = 0.066), it affected frailty with zGS as a mediator in the model that included zGS (average causal mediation effect a × b in the left diagram for men: À0.096 {À0.159 to À0.050}; for women: À0.053 {À0.098 to À0.010}). The average direct effect (c' in the left diagram), which represents the difference between total effect and average causal mediation effect, was not statistically significant in either men or women.
Discussion
Thus far, most studies on sarcopenia have been conducted using ASM/height 2 and ASM/BMI. ASM/height 2 is commonly read "height square adjusted ASM," which suggests that dividing ASM by the square of the height would make the value robust against height. However, this expectation was not met in this study, as shown in Figure 1 . ASM/height 2 was low among shorter individuals and high among taller individuals. Therefore, using ASM/height 2 to diagnose sarcopenia without additional adjustments for height would increase the probability of shorter people being diagnosed with sarcopenia. Things were similar with respect to ASM/BMI, because simply dividing ASM by BMI does not make the value robust against BMI. Using ASM/height 2 increases the probability of diagnosing short and thin people with sarcopenia, while using ASM/BMI increases the probability of diagnosing short and obese people with sarcopenia. For this reason, people diagnosed with sarcopenia based on ASM/height 2 differed from those diagnosed with sarcopenia based on ASM/BMI in studies 15, 16 that used both ASM/height 2 and ASM/BMI on the same target population. In our study, we proposed a new approach to evaluating muscle mass and muscle strength. Our findings indicated that GS mediated the relationship between muscle mass and frailty. ASM literally refers to the skeletal muscle mass attached to the left and right upper and lower extremities. Assuming that arm and leg muscles take on a cylindrical shape, 17 arm and ); D: Distribution of (GS À GS adj ) with age; E: Distribution of (GS À GS adj ) according to height; F: Mean value of GS according to age and height; G: Changes in GS according to age at constant heights (heights are 1.7, 1.6, and 1.5 m from top to bottom); H: Changes in GS according to height at constant ages (ages are 75, 65, and 55 years from top to bottom); I: Distribution of (GS À GS adj ) with age; J: Distribution of (GS À GS adj ) according to height. GS, grip strength. leg muscle masses would be proportional to π × radius 2 × length of the extremity. When radius is excluded, because it is intimately associated with the degree of sarcopenia, the volume of ASM becomes proportional to the length of the extremity. Thus, upper extremity skeletal muscle adjusted by upper extremity length and lower extremity skeletal muscle adjusted by lower extremity length should be calculated and combined for an accurate comparison of ASM. Because most cohort studies on aged persons did not measure the lengths of the upper and lower extremities separately, we adjusted for height with ASM assuming that height could represent the lengths of the upper and lower extremities in this study. However, it should be noted that even people who are the same height can have different arm and leg lengths depending on their ethnicity. 18, 19 Additionally, height decreases with age due to kyphosis, concomitant without changes in the lengths of the arms and legs. Grip strength is the maximal grip strength of the dominant hand specifically. Multiple studies confirmed that GS was associated with the size of the dominant hand 20 and forearm volume. 21, 22 As we did for ASM, we adjusted GS for height, assuming that height could represent the sizes of the hand and forearm. 23, 24 The resulting zGS values showed a linear relationship with frailty and that a 1-point increase in zGS score lowered the relative risk of a 1-point increase in frailty score by 21% in men and 11% in women. This risk reduction is greater than those reported in previous studies, 25, 26 presumably due to the greater diagnostic clarity of GS owing to the additional adjustments for age and height.
Physical function impairment (weakness) evaluated by GS is the main definition of sarcopenia and frailty, and a wellknown risk factor for mortality, morbidity, and disability in older individuals. 27 Although weakness was assessed with the timed up-and-go test in this study, not by GS, sarcopenia and frailty can be strongly linked to the concept of weakness. Furthermore, GS is considered as single marker of frailty in people of a similar age, more than chronological age alone 28 and proved to be valuable in predicting factors for frailty in older patients with hematologic malignancies. 29 The causal mediation analysis using zASM and zGS and calculated via the described methods showed that muscle mass did not have a significant direct effect on frailty; however, the mediating effects of muscle strength in the relationship between muscle mass and frailty were statistically significant. Existing sarcopenia studies have assumed that outcomes were better with greater muscle mass and muscle strength. However, not many studies have investigated the outcomes of cases in which there was a large muscle mass, but the muscles were functionally impaired. This study showed, from a cross-sectional perspective, that only muscle mass associated with GS influenced frailty by a mediation effect, and muscle mass not related with GS cannot have an influence on frailty. These results could possibly be derived from the cross-sectional design. If a small amount of muscle mass is excessively worked to generate strength, the rate of strength reduction could be accelerated as the muscle mass shrinks with aging. Conversely, functionally impaired muscles that can protect against the reductions in strength associated with aging could lead to better outcomes longitudinally. Such a hypothesis could be addressed in a longitudinal study. Furthermore, considering that muscle changes caused by aging are not confined to reductions in muscle mass and that reductions in muscle mass are necessarily caused by aging, 30 diagnostic approaches to both muscle mass and muscle function would be needed in subsequent studies on sarcopenia. Our study has some limitations. First, the equation for zASM in this study was derived from KNHANES survey data, which measured muscle mass via the dual energy x-ray absorptiometry method; however, the muscle mass of the actual study population was measured via the BIA method. Although BIA measurements can be influenced by body position or hydration status, the difference does not seem significant. 31, 32 Additional research indicating the usefulness of dual energy x-ray absorptiometry and BIA to assess ASM is needed. Second, our new approach, which is zASM and zGS also do not accurately reflect arm and leg lengths. Although ASM is actually affected by the arm and leg lengths as mentioned earlier, we used height as a surrogated marker because surveys measuring the length of the limbs have not been adequately conducted. If the understanding of sarcopenia deepens, the need for more detailed and specific anthropometric measurements will emerge.
Despite this limitations, this study is meaningful in that it proposed a new approach to muscle mass and muscle strength and confirmed their associations with frailty.
